The stereotyped outgrowth of tubular branches of the Drosophila tracheal system is orchestrated by the local and highly dynamic expression profile of branchless (bnl ), which encodes a secreted fibroblast growth factor (FGF)-like molecule. Despite the importance of the spatial and temporal bnl regulation, little is known about the upstream mechanisms that establish its complex expression pattern. Here, we show that the Extradenticle and Homothorax selector proteins control bnl transcription in a single cell per segment, the mesodermal bridge-cell. In addition, we observed that a key determinant of bridge-cell specification, the transcription factor Hunchback, is also required for bnl expression. Therefore, we propose that one of the functions of the bridge-cell is to synthesize and secrete the chemoattractant Bnl. These findings provide a hitherto unknown and interesting link between combinatorial inputs of transcription factors, cellspecific ligand expression and organ morphogenesis.
INTRODUCTION
Many epithelial organs consist of highly branched tubular networks that transport gases or fluids. Both in the Drosophila tracheal system and in the mammalian lung, members of the fibroblast growth factor (FGF) family of secreted signalling molecules have a key role in the branching process, and expression of the corresponding genes is, at the same time, highly complex, yet rather stereotyped (Metzger & Krasnow, 1999; Affolter et al, 2003) . In the tracheal system, the Branchless (Bnl) ligand (Sutherland et al, 1996) binds to and activates the receptor tyrosine kinase Breathless (Btl)/FGFR (FGF receptor) in nearby tracheal cells (Klambt et al, 1992) , which in turn triggers dynamic changes in the cytoskeleton (Ribeiro et al, 2002) and results in migratory behaviour of responding cells towards the ligand source. bnl expression is arrayed around the tracheal placode in a segmentally repeated fashion, and each expression domain is located to a specific anteroposterior (AP) and dorsoventral (DV) position within the segment (Sutherland et al, 1996) . This suggests that the global AP and DV patterning systems of the Drosophila embryo specify these positions. Indeed, the bnl spot necessary for the outgrowth of the dorsal tracheal branch has been shown to be regulated by the BMP-like signalling molecule Decapentaplegic (Dpp), which is expressed in the dorsal-most epidermal cells (Vincent et al, 1997) . However, no transcriptional regulators of bnl expression along the AP axis have been described so far.
We show that the Extradenticle (Exd), Homothorax (Hth) and Hunchback (Hb) transcription factors are required at stage 12 for the lateral expression of bnl in one specific cell per segment, and we identify the corresponding cell as the mesodermal bridge-cell. Bridge-cells have been proposed to serve as Bnl-independent guidance cues for elongation of the main structure of the tracheal tree, the dorsal trunk (DT), but their molecular mechanism of action has since remained elusive (Wolf & Schuh, 2000; Wolf et al, 2002) . Here, we find that an important function of the bridge-cell is to synthesize and secrete the chemo-attractant Bnl. We also observed that Hox genes of the bithorax complex do not contribute to bnl activation in trunk segments of the developing embryo, which suggests a Hox-independent function of Exd and Hth in bridge-cells.
RESULTS AND DISCUSSION
The exd and hth tracheal defects are similar
We have discovered that in embryos homozygous for a null allele of the homothorax (hth) gene, the tracheal branches elongating along the AP axis failed to form correctly, as observed for the dorsal and lateral trunks, or the visceral branches (Fig 1C,D) . hth encodes a homeodomain-containing transcription factor of the TALE (three-amino-acid loop extension) family that is necessary for the nuclear translocation of another TALE homeoprotein encoded by the extradenticle (exd) locus (Peifer & Wieschaus, 1990; Rauskolb et al, 1993; Rieckhof et al, 1997) . In addition, Hth cooperates with Exd to directly control target-gene regulation . To test whether exd was also required for tracheal development, we generated embryos lacking both maternal and zygotic exd contributions. The tracheal phenotype of exd-null embryos was similar to that of hth mutants, with selective defects in all tracheal branches elongating along the AP axis (Fig 1E,F) . To assess whether the hth tracheal phenotype could indirectly result from impaired nuclear localization of Exd, we ubiquitously expressed a nuclear form of Exd in hth mutant embryos. In such conditions, we did not observe a rescue of the hth tracheal phenotype (Fig 1G) , which is consistent with the proposed role of Exd and Hth in transcription regulation as a heterodimeric complex. The Exd/Hth complex could be required in tracheal cells or, alternatively, in cells surrounding the developing trachea. To distinguish between these two possibilities, we expressed the Hth protein in hth mutant backgrounds, either ubiquitously in the embryo (Fig 1H) or specifically in the tracheal system with the Btl-Gal4 driver (not shown). Significant rescue of hth DT defects was only observed when Hth was expressed in the entire embryo (Fig 5O) , indicating that the two selector genes have an essential role in non-tracheal cells.
Exd and Hth control bnl expression in bridge-cells
During the past few years, a large number of genes with essential roles in diverse aspects of tracheal development have been identified. Several mutations have been reported to affect, rather selectively, the development of the DT, and we therefore tested whether we could link the hth and exd phenotypes to any of these previously reported genes. We first tested the expression profile of knirps (kni), which leads to a lack of DT formation when ectopically expressed in DT cells (Chen et al, 1998) , and spalt (sal), which contributes to the unique morphological aspect of the DT (Kuhnlein & Schuh, 1996 branchless/FGF expression in mesodermal bridge-cells S. Merabet et al et al, 2004) . In hth mutant embryos, both Kni (Fig 2A, A 0 ) and Sal ( Fig 2B,B 0 ) proteins were correctly expressed in the tracheal system, and we thus concluded that the hth DT phenotype did not result from kni or sal deregulation. A third gene that has been reported to be essential for DT development is hunchback (hb), which is expressed in the mesodermal bridge-cell (Wolf & Schuh, 2000) . Although hb, hth and exd mutations lead to similar DT phenotypes, we did not observe a loss of Hb localization in bridge-cells of hth mutant embryos ( Fig 2C,C  0 ). Therefore, we tested whether lack of the DT in hth and exd mutants could result from a loss of bnl expression, as this ligand is required for the migration of all tracheal branches. At stage 11, bnl is expressed in six stereotyped ectodermal sites around the tracheal placode. In hth or exd mutant embryos, bnl transcription in these sites seemed normal (data not shown). However, at later stages, in situ hybridization experiments clearly showed the loss of bnl expression between the DT anterior and posterior outgrowths, in both hth (Fig 2E) and exd (Fig 2F) mutant embryos.
The lack of specific markers for cells expressing and secreting the Bnl/FGF ligand has thus far hindered the identification and further characterization of most of these cell clusters. However, as the bridge-cell and the dorsolateral Bnl spot, which is under the control of hth and exd, seemed to be in a similar position , we asked whether the bridge-cell was transcribing the bnl gene. Enzymatic revelation of bnl messenger RNA by in situ hybridization, and anti-Hb by immunostaining procedures, indicated that bnl was indeed transcribed by the cell expressing nuclear Hb protein (Fig 3C) . This result was confirmed by high-resolution colocalization studies using confocal microscopy, which showed the nuclear protein Hb to be surrounded by the cytoplasmic bnl mRNA (Fig 3D,D  0 ) . Moreover, the observation of a specific loss of the dorsolateral bnl expression sites in hb mutants (Fig 2G) , which results in apoptosis of bridge-cells (Wolf & Schuh, 2000) , shows that bnl is indeed transcribed in these cells (in contrast to the findings of Wolf & Schuh, 2000) . Loss of bnl expression in hth and hb mutant embryos was also inferred from the absence of filopodia formation in DT branches of living embryos (supplementary Fig S1B and C online, respectively) .
In many instances, the Exd and Hth proteins act as cofactors for homeotic proteins (Mann & Morata, 2000) . Therefore, we tested whether Hox proteins also participate in bridge-cell specification. As we observed that both bnl and Hb expressions, as well as DT elongation, were normal in Hox mutant embryos (supplementary Figs S1D and S2 online), we concluded that exd and hth carry out Hox-independent functions in the bridge-cell. , these bnl expression sites are lost in hb FB (E), exd Y012 (F) and hth P2 (G) mutant embryos. Note that in these mutant embryos, the dorsal bnl expression sites are also diminished but still present, whereas the ventral bnl expression sites are not affected.
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Finally, we looked at the nuclear localization of Exd and Hth in the mesodermal bridge-cell. Although hb expression starts at stage 11 in a posterior lateral margin of each tracheal metamere (Wolf & Schuh, 2000) , we did not observe nuclear colocalization of Exd in this first hb-positive epidermal cell (Fig 4A,A 0 ,A 00 ). Nuclear localization of Exd was only observed later in the daughter bridge-cell (Fig 4B,B 0 ,B 00 ,B 000 ), concomitantly with Hth (Fig 4C,C 0 ,C 00 ). We also confirmed that nuclear colocalization of Exd and Hb occurred in mesodermal cells (Fig 4D,D 0 ,D 00 ). The nuclear translocation of the two selector proteins at stage 12 coincides with the appearance of the bridgecell and its guidance role for the outgrowth of DT branches. This suggests that local expression of bnl in the bridge-cell could result from the simultaneous presence of the three transcription factors Hb, Exd and Hth. However, the fact that the same transcription factors are also present in the ventral daughter cell of the bridge-cell precursor (Fig 4B,B 0 ,B 00 ,B 000 ,C,C 0 ,C 00 ), which does not express bnl, indicates that more factors are required to determine the fate of the particular mesodermal bridge-cell.
Bridge-cells have bnl-dependent functions
To verify the importance of bnl expression in bridge-cells at the functional level, we analysed whether the DT defects in hb or hth mutant embryos could be rescued by expressing Bnl ubiquitously, or by expressing a constitutively active form of the Btl receptor in the tracheal system (Dossenbach et al, 2001) . As a control, DT formation was also followed in wild-type or bnl P1 mutant embryos under the same conditions. To take into account the variability of the DT phenotypes in each mutant situation, we reported, for each genetic background, the proportion of embryos with the corresponding number of fused DT branches formed along the AP axis.
As shown earlier (Sutherland et al, 1996) , activation of Bnl signalling in all tracheal cells leads to a significant rescue of the DT in bnl mutants (Fig 5D-F,M) . In hb mutant backgrounds, most of the embryos (89%) have from zero to three fused DT metameres (Fig 5G) , but this number can increase to four or five (for 10% and 1% of the population, respectively; Fig 5N) . Activation of Bnl signalling increases the proportion of embryos with four or five fused DT metameres (around 70%; Fig 5H,I,N) . As a maximum of six fused DT metameres were formed in such embryos, because of branchless/FGF expression in mesodermal bridge-cells S. Merabet et al the lack of segmental anlagen (Tautz et al, 1987) , we conclude that a significant rescue of the hb DT phenotype occurs in the presence of Bnl signalling. In hth mutant backgrounds, most of the embryos (90%) have from zero to three DT metameres (Fig 5J,O) . Activation of Bnl signalling leads to a significant, although not complete, DT rescue; a large proportion of hth mutant embryos (65%) showed four or five fused DT metameres, and this number varied up to six or seven (for 10% of embryos), a frequency never observed in hth mutants without added Bnl signalling (Fig 5K,L,O) .
The partial rescue of the hb and hth DT phenotypes can be explained by three hypotheses. First, these genes could also be required in cells other than the bridge-cell, and/or for later events during tracheal system morphogenesis, such as those implicating Ubx and abdA. Second, our rescue experiments did not rely on specific activation of Bnl signalling in bridge-cells. To bypass this limitation, we tested several EP insertions as potential Gal4 drivers (listed in the Methods), but none of them was exclusively expressed in bridge-cells (data not shown). However, as our branchless/FGF expression in mesodermal bridge-cells S. Merabet et al genetic approach allowed a significant rescue of the DT phenotype of bnl mutant embryos, we think that this hypothesis is unlikely to be correct. Third, the bridge-cell could provide other functions as a substrate for migration and/or as a regulator of the fusion process. If these bnl-independent processes are also controlled by hb, hth and exd, constitutive Bnl signalling alone would not be sufficient to completely rescue the DT trunk phenotype in the absence of these transcriptional regulators.
In conclusion, we identify the selector genes exd and hth as important factors controlling the bnl/FGF expression site necessary for DT elongation. We identify this bnl expression site as the previously described mesodermal bridge-cell, which expresses a third transcription factor, Hb. These results link the cell-specific expression of three transcriptional factors to the three-dimensional architecture of an organ system, the trachea. Future studies will have to identify such factors involved in the determination of bridge-cell fate, and to determine whether the regulation of bnl by Exd, Hth and Hb is direct.
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